Epithelial-to-mesenchymal transitions (EMT) are important in renal development, fibrosis, and cancer. Loss of function of the tumor suppressor VHL leads to many features of EMT, and it has been hypothesized that the pivotal mediator is down-regulation of the adherens junction (AJ) protein E-cadherin. Here we show that VHL loss-of-function also has striking effects on the expression of the tight junction (TJ) components occludin and claudin 1 in vitro in VHL-defective clear cell renal cell carcinoma (CCRCC) cells and in vivo in VHL-defective sporadic CCRCCs (compared with normal kidney). Occludin is also down-regulated in premalignant foci in kidneys from patients with germline VHL mutations, consistent with a contribution to CCRCC initiation. Reexpression of E-cadherin was sufficient to restore AJ but not TJ assembly, indicating that the TJ defect is independent of E-cadherin down-regulation. Additional experiments show that activation of hypoxia inducible factor (HIF) contributes to both TJ and AJ abnormalities, thus the VHL/HIF pathway contributes to multiple aspects of the EMT phenotype that are not interdependent. Despite the independent nature of the defects, we show that treatment with the histone deacetylase inhibitor sodium butyrate, which suppresses HIF activation, provides a method for reversing EMT in the context of VHL inactivation.
INTRODUCTION
A key characteristic of epithelial surfaces is the formation of specialized intercellular junctions at points of cell-cell contact. It is increasingly appreciated that these junctions have extensive roles beyond their function in cellular cohesion including determination of epithelial permeability and providing inputs modulating proliferation and differentiation. Two important types of intercellular junctions in the kidney epithelium are the tight junction (TJ) and adherens junction (AJ; Tsukita et al., 2001; Conacci-Sorrell et al., 2002; Matter and Balda, 2003) . AJs are formed on the basolateral cell membrane and are composed of transmembrane cadherins linked to intracellular catenin proteins (Conacci-Sorrell et al., 2002) . AJs are involved in cell-cell adhesion and also regulate ␤-catenin availability (Nelson and Nusse, 2004) . TJs are formed on the apical surface of the lateral membrane and are analagous in structure to AJs, with specific transmembrane proteins (occludin and claudins), which are linked to the actin cytoskeleton via intracellular adaptor proteins, the zona occludens (ZO) family of proteins (Tsukita et al., 2001) . In addition to its traditional roles in maintaining apical-basal polarity and controlling paracellular permeability the TJ is also now recognized as a signaling hub. TJ regulation of pathways involving raf kinase, rho GTPase, and the Y-box transcription factor ZONAB control important cellular processes such as cell proliferation, gene transcription, and cellular differentiation (Braga, 2002; Matter and Balda, 2003; Gonzalez-Mariscal et al., 2007; Guillemot et al., 2008) .
VHL is a classical tumor suppressor gene which acts as a gatekeeper in renal epithelium (Latif et al., 1993; Kaelin, 2002) . It is established that the encoded protein, VHL (von Hippel-Lindau), is required for regulation of hypoxia-inducible factor (HIF) explaining why loss-of-function of VHL is associated with angiogenic signaling and other aspects of the cancer phenotype (Wang and Semenza, 1993; Maxwell et al., 1999) . VHL also has effects that are independent of its role in degradation of HIF-␣ subunits, including regulation of RNA polymerase II, atypical protein kinase C, cellular senescence, matrix assembly, and microtubule stabilization (Ohh et al., 1998; Okuda et al., 2001; Hergovich et al., 2003; Kuznetsova et al., 2003; Young et al., 2008) .
As yet, the role of VHL in maintaining normal behavior of renal epithelial cells is not clear and how VHL loss-of-function would initiate the process that leads to malignant trans-formation is incompletely understood. Recently compelling evidence has emerged for a role of VHL in maintaining expression of the AJ component E-cadherin (Esteban et al., 2006b; Krishnamachary et al., 2006; Evans et al., 2007) . Downregulation of E-cadherin is a hallmark feature of cancer (Hanahan and Weinberg, 2000) , and this provides a candidate mechanism linking VHL loss-of-function via HIF activation to tumor initiation. Importantly, it has been suggested that repression of E-cadherin in renal epithelial cells results in a comprehensive epithelial-to-mesenchymal transition (EMT; Krishnamachary et al., 2006; Evans et al., 2007) . EMT describes a coordinated set of changes including dissolution of both TJ and AJ cell-cell adhesions and loss of apical-basal polarity accompanied by cytoskeletal rearrangements and increased cell motility (Thiery and Sleeman, 2006) . In the kidney, EMT is not only relevant to renal cancer; normal renal development requires a transition from epithelium to mesenchyme, followed by a transition from mesenchyme to epithelium (Dressler, 2002) . Furthermore, in progression of human kidney disease it is believed that EMT is important in renal fibrosis (Kalluri and Neilson, 2003; Boutet et al., 2006) . More broadly, the effect of HIF activation on E-cadherin implied that oxygen gradients may modulate E-cadherin expression in other epithelia.
Recently it was shown that VHL status also has a marked effect on formation of TJs (Calzada et al., 2006) . Here we investigate the mechanism by which this occurs, the potential contribution to early events initiating tumorigenesis and dedifferentiation of renal epithelium and its relation to HIF activation and down-regulation of E-cadherin.
MATERIALS AND METHODS

Cell Culture, Plasmids, Reagents, and Antibodies
Clear cell renal cell carcinoma (CCRCC) cell lines and stable transfectants expressing wild-type VHL were described previously (Esteban et al., 2006b) . Cells were cultured in RPMI 1640 (Invitrogen, Carlsbad, CA) with 10% fetal bovine serum, glutamine, and penicillin/streptomycin. Infection with pCMVR retroviral vectors was performed as described (Esteban et al., 2006b) ; pooled populations were selected with G418 (Invitrogen). Inserts encoding human E-cadherin, human occludin, and human claudin 1 were generated by PCR of cDNAs provided by Dr. Hart (John Vane Science Centre, London, United Kingdom), Dr. Nusrat (Emory University School of Medicine, Atlanta, GA), and Dr. Karl Matter. Bicistronic retroviral plasmids encoding enhanced green fluorescent protein (EGFP) and either empty vector or a constitutively active form of HIF-1␣ (bearing substitutions in the two regulatory prolines), and infection procedures, were described previously (Esteban et al., 2006a) . All plasmids were verified by sequencing.
Sodium butyrate (Sigma, St. Louis, MO) was added to confluent cultures at the indicated concentrations, and analysis was performed up to 3 d later.
Antibodies used were as follows: HIF-1␣ (Transduction Laboratories. Lexington, KY); HIF-2␣ and E-cadherin (Cancer Research UK, London); ␣-tubulin (Sigma); occludin, ZO-1, claudin 1 (Zymed Laboratories, South San Francisco, CA); carbonic anhydrase IX (CAIX; clone M75, provided by Dr. Pastorekova, Institute of Virology, Bratislava, Slovak Republic), and glucose transporter 1 (GLUT1; Alpha Diagnostics, San Antonio, TX).
Immunolabeling
Immunofluorescence microscopy and immunohistochemistry were performed as described (Mandriota et al., 2002; Esteban et al., 2006b ). For immunofluorescence studies, cells were cultured on coverslips at confluence for up to 4 d, and fixed with cold methanol. Coverslips were mounted with Vectashield containing DAPI (Vector Laboratories, Burlingame, CA). Multiple fields were analyzed; moreover, the staining was repeated at least twice using coverslips from independent experiments. For immunohistochemical analysis we used kidney samples from five patients with VHL disease and from 10 patients with VHL-defective sporadic CCRCC (widespread HIF activation independent of predicted oxygen gradients-indicative of VHL inactivationwas verified in each tumor; data not shown). Quantitative analyses of junction assembly were performed across nine independent fields. Percentage junction assembly was determined for each cell in a given field, based on the percentage of cell membrane labeled for the TJ protein. The overall score for a single field was the mean junction assembly of all cells present in that field (ϳ50 cells per field).
Immunoblotting and Quantitative Real-Time Reverse Transcription PCR
Urea-SDS buffer was used to prepare cell lysates (Maxwell et al., 1999) 
Small Interfering RNA Transfections
Small interfering RNA (siRNA) transfections were performed using Lipofectamine RNAiMAX (Invitrogen), according to the instructions of the manufacturer, at an oligonucleotide concentration of 50 nM. Sequences for siRNA oligos for firefly luciferase, HIF-1␣, and HIF-2␣, were as described (Esteban et al., 2006b) . Lysates were prepared, and coverslips were fixed, up to 5 d after transfection. Similar results were obtained using an independent nonoverlapping set of siRNA oligos for HIF-1␣ and HIF-2␣ (data not shown). To silence E-cadherin, reverse siRNA transfections were performed using Lipofectamine RNAiMAX (Invitrogen), according to the manufacturer's instructions. siRNA oligonucleotides were purchased from Ambion (Austin, TX; ECA1, ID s2769; ECA2, ID s2770) and used at a concentration of 20 nM.
RESULTS
VHL Loss-of-Function Down-Regulates the Expression of TJ Constituents in Renal Epithelial Cells In Vitro and In Vivo
To investigate how VHL influences TJs, we first analyzed the effect of reexpressing VHL in VHL-defective CCRCC cell lines on the expression of the TJ components ZO-1, occludin, and claudin 1 (Fanning et al., 1999; Balkovetz, 2006) . As previously reported, Western blotting showed that ZO-1 protein levels were not significantly affected by VHL reexpression ( Figure 1A ). In contrast, RCC4 and RCC10 CCRCC cells expressing VHL contained higher levels of occludin and claudin 1 than in the parental cell lines ( Figure 1A ). As expected, E-cadherin was also expressed at a higher level in the presence of VHL. Occludin was expressed more strongly in RCC4/VHL than RCC10/VHL, whereas E-cadherin and claudin 1 were expressed at a higher level in RCC10/VHL than RCC4/VHL ( Figure 1A) .
Immunofluorescence labeling for ZO-1 can be used to evaluate TJ integrity in cells cultured in vitro; ZO-1 localization is cytoplasmic in sparse nontransformed epithelial cells, but distributes to TJs in confluent monolayers. It has been previously demonstrated that reexpression of VHL improves epithelial-like morphology and facilitates ZO-1 assembly at TJs in CCRCC cell lines (Calzada et al., 2006) . Immunofluorescence analysis revealed localization of ZO-1, occludin, and claudin 1, at points of cell-cell contact between VHL-expressing RCC4 and RCC10 cells. Occludin and claudin 1 were not detected by immunofluorescence in the parental cell lines, and the signal from ZO-1 was weaker and discontinuous ( Figure 1B ). Quantitative real-time RT-PCR analysis showed that reexpression of VHL increases occludin mRNA and claudin 1 mRNA in both RCC4 and RCC10 cells ( Figure 1C) ; mRNA for ZO-1 was not substantially changed on VHL reexpression. The analysis of GLUT1 mRNA levels (a well-characterized HIF target) confirmed that HIF activation was suppressed by VHL ( Figure 1C ).
We next performed immunohistochemistry for occludin and claudin 1 on surgical samples from patients with sporadic VHL-defective CCRCC and patients with inherited VHL disease. In unaffected kidney tissue, expression of ZO-1 and occludin was detected in distal tubules and the collecting duct, and at a lower level in the glomerulus and proxi-mal tubule; claudin 1 showed a more restricted distribution, being present in the glomerulus, thin descending limb of the loop of Henle, and the collecting duct. Sporadic CCRCC showed very little labeling for ZO-1, occludin, and claudin 1, compared with the adjacent normal tissue (Figure 2A ). Similar results were observed in CCRCC samples from VHL patients (data not shown). As expected, sporadic CCRCC showed intense labeling for carbonic anhydrase IX (CAIX), a marker of HIF activation ( Figure 2A ). In addition, we performed immunoblotting of extracts of paired normal tissue (N) and tumor (T) from five patients with sporadic CCRCC. CCRCC represents the most frequent form of renal cancer (ϳ80%), and ϳ60 -80% have biallelic VHL inactivation. Constitutive activation of HIF-1␣ and HIF-2␣ (and the HIF targets GLUT1 and CAIX), consistent with VHL inactivation, was evident in four of the five CCRCC samples analyzed ( Figure 2B ). High levels of HIF in these four tumors were associated with lower protein levels of occludin and E- Three independent experiments and the corresponding mean are presented. Differences in occludin, claudin 1, and GLUT1 mRNA expression levels were statistically significant (p Ͻ 0.05).
cadherin than in the paired normal tissue. Interestingly, ZO-1 protein levels were also reduced in these tumors compared with normal tissue, which may reflect a more profound disturbance of TJs in CCRCC in vivo than in cell lines in vitro. Western blotting for claudin 1 showed variable results between different patients. Levels of occludin, claudin 1, E-cadherin, and ZO-1 were not decreased compared with normal tissue in the single tumor sample (patient 5), which did not show a high level of HIF activation. A limitation to these comparisons between tumors and paired uninvolved renal tissue is that the latter includes all segments of the nephron, together with interstitial cells. This may explain variability in levels of cell-cell adhesion molecules in the normal tissue between the different patients. We also analyzed whether TJ might be altered in premalignant lesions of VHL inactivation, using samples of kidneys of patients with VHL disease. We observed that occludin and claudin 1 expression was low in cystic lesions compared with nearby tubules expressing these proteins ( Figure 2C ). Furthermore, in the earliest lesions of VHL inactivation (inside otherwise normal tubules), which we identified by CAIX labeling (Mandriota et al., 2002) , occludin expression was reduced compared with adjacent cells ( Figure 2D ). VHL-defective early lesions were not identified within segments of the nephron positive for claudin 1, so we could not examine effects on expression of this protein in the same way.
Thus, VHL loss-of-function in kidney epithelial cells is associated with TJ disruption both in vitro and in vivo, and this is associated with reduced expression of occludin and claudin 1.
Disruption of AJs and TJs in VHL-defective CCRCC Cells Are Not Interdependent
EMT involves a series of coordinated changes resulting in increased motility, loss of cell-cell adhesion, and fibroblastoid morphology (Nieto, 2002; Thiery and Sleeman, 2006) . Down-regulated expression of E-cadherin is regarded as a key aspect of EMT in many cancers (Krishnamachary et al., 2006; Russell and Ohh, 2007) . To evaluate whether reduced E-cadherin is responsible for alterations in cell shape and TJs in VHL-defective CCRCC cells, we infected RCC4 and RCC10 cells with a retroviral vector encoding human Ecadherin; empty vector was used as a negative control. E-cadherin expression was confirmed by Western analysis (Figure 3 ) and was substantially higher than in pools of cells reexpressing VHL, especially for RCC4. Double immunofluorescence for E-cadherin (in green) and ZO-1 (in red) showed intense E-cadherin staining at AJs in RCC10 and RCC4 cells overexpressing E-cadherin (Figure 3 ), but neither cell shape nor ZO-1 assembly was improved. Assembly of the transmembrane TJ proteins occludin or claudin 1 were also unaffected by E-cadherin overexpression (Supplemental Figure S1A ). To further investigate the relationship between AJ and TJ assembly in CCRCC cells, we used two different siRNAs to silence E-cadherin in RCC10 cells. Despite markedly reduced E-cadherin levels no effect was observed on ZO-1 assembly in cells treated with either siRNA compared with control treated cells ( Figure 3B ). Treatment of RCC10/VHL cells with E-cadherin-blocking antibodies (HECD1 and SHE78-7) also had no effect on TJ assembly (data not shown).
In parallel, RCC4 cells and RCC10 cells were separately infected with retroviruses encoding human occludin or human claudin 1. Corresponding protein levels were also high compared with cells infected with empty vector (Figure 4 , A and B), whereas ZO-1 expression was unchanged. Overexpressed occludin and claudin 1 significantly distributed to TJs and increased ZO-1 assembly in VHL-defective RCC4 and RCC10 cells (Figure 4, A and B) . Interestingly, this was more evident with claudin 1 and was in neither case associated with significant restoration of epithelial-like cell shape. Overexpression of either occludin or claudin 1 did not restore E-cadherin assembly (Supplemental Figure S1B) .
Therefore, disorganization of AJs and TJs due to VHL inactivation are not interrelated and can be separately improved through overexpression of E-cadherin or TJ transmembrane constituents respectively. Moreover, breakage of either AJs or TJs, at least on its own, does not seem to be responsible for the fibroblastoid morphology observed in these VHL-defective CCRCC cell lines.
Type IIC VHL Mutations Restore Epithelial Cytoarchitecture in VHL-defective RCC4 and RCC10 Cell Lines
The three major clinical manifestations of VHL disease are CCRCC, pheochromocytomas, and hemangioblastomas of the retina and CNS (Kaelin, 2002) . VHL disease can be divided into four clinical subtypes depending on the risk of these manifestations: I (high risk of CCRCC and hemangioblastoma and low risk of pheochromocytoma); IIA (low risk of CCRCC and high risk of hemangioblastoma and pheochromocytoma); IIB (high risk of all three manifestations); and IIC (pheochromocytoma only). Functional analysis of genetic mutations associated with these subtypes of VHL disease offers potential insight into which molecular consequences of VHL inactivation underlie development of CCRCC (Clifford et al., 2001; Hoffman et al., 2001; Li et al., 2007) . There is a correlation between the risk of CCRCC and the ability of VHL mutants to regulate HIF. Type I and type IIB mutations effectively abolish the ability of VHL to regulate HIF, type IIA mutations have an incomplete effect, and type IIC mutations regulate HIF normally. Rescue of aspects of the VHL-defective phenotype by type IIC VHL mutations in CCRCC cell lines is consistent with effects that are caused by HIF activation, although other consequences of VHL loss of function may also be rescued, for example, altered microtubule stability (Hergovich et al., 2003) .
We expressed the type IIC disease-associated VHL mutations encoding V84L and L188V in VHL-defective RCC10 cells. Empty vector and vectors encoding VHL19 and VHL30 were used as positive controls. These VHL isoforms have molecular weights of ϳ19 and 30 kDa, with VHL 19 arising from an alternative transcription initiation site at codon 54 (Kaelin, 2002) . Both isoforms suppress HIF activation and tumor growth in xenograft assays, but VHL 19 does not rescue fibronectin assembly. Real-time RT-PCR analysis of PHD3/EGLN3 mRNA (a well-characterized HIF target) confirmed suppression of HIF by VHL 19, VHL 30, VHL V84L, and VHL L188V ( Figure 5A ). In addition, VHL 19, VHL 30, and both type IIC VHL mutations restored epithelial-like cell shape and TJ assembly in RCC10 pools (Figures 5B). Western blotting for occludin and claudin 1 showed substantial up-regulation in RCC10 cells expressing VHL 19, VHL 30, and the two type IIC VHL mutations, compared with empty vector ( Figure 5C ). We also expressed type IIC VHL mutants and wild-type VHLs in VHL-defective RCC4 cells and observed similar results. Type IIC mutants suppressed mRNA levels of the HIF target gene PHD3 and rescued both epithelial-like cell shape and assembly of occludin and ZO-1, compared with an empty vector. Occludin expression levels were also increased ( Figure 5, D-F) . Therefore, two different VHL mutant molecules that are not associated with increased CCRCC risk, and that retain their ability to regulate HIF, are competent to restore epithelial cell shape and TJs in VHL-defective RCC4 and RCC10 CCRCC cell lines.
HIF Participates in the EMT-like Phenotype of VHL-defective CCRCC Cell Lines
The experiments using VHL type IIC mutations suggest that HIF may be involved in inducing EMT in CCRCC cell lines. To investigate this further, we selectively knocked down HIF-1␣ or HIF-2␣ in VHL-defective RCC10 cells, using previously validated siRNA oligos (Esteban et al., 2006b) . Specific reduction of the corresponding HIF-␣ isoform, when compared with control oligos, was verified by Western blotting ( Figure 6A ). HIF-1␣ knockdown increased protein levels of claudin 1 and to a lesser extent occludin, whereas ZO-1 levels remained unchanged. Immunofluorescence microscopy demonstrated that silencing HIF-1␣ increased assembly of the TJ proteins ZO-1 (85 Ϯ 1.12%), occludin (81.5 Ϯ 1.59%), and claudin 1 (74.5 Ϯ 3.80%); in addition, HIF-1␣ siRNA induced an epithelial-like cell shape ( Figure 6A ). HIF-2␣ siRNA also increased occludin and claudin 1 levels, but the effect on TJ assembly and cell shape was less striking and more variable than treatment with HIF-1␣ siRNA (ZO-1, 42 Ϯ 2.50%; occludin, 48 Ϯ 2.38%; claudin 1, 27.5 Ϯ 3.68%; Figure 6A ). To further confirm the role of HIF-1␣ in the changes of VHL-negative RCC10 cells, we also expressed a constitutively active HIF-1␣ in VHL-expressing RCC10 cells. This resulted in a substantial alteration in cell shape, reduced occludin expression, and decreased ZO-1/occludin assembly ( Figure 6B ). Taken together with the above experiments expressing VHL type IIC mutations, our results strongly support a role for HIF in inducing EMT in VHLdefective RCC10 cells. E-box-dependent transcriptional repressors are known to down-regulate both AJ and TJ proteins and provide a potential route for down-regulation of multiple cell adhesion molecules at the mRNA level (Ikenouchi et al., 2003; Kajita et al., 2004) . Furthermore several of these repressors have been previously reported to be upregulated in VHL-defective renal cancer cell lines (Esteban et al., 2006b; Krishnamachary et al., 2006; Evans et al., 2007) . Using real-time quantitative RT-PCR, we analyzed the effect of VHL status on a panel of repressors in both the RCC10 and RCC4 cell backgrounds. SNAIL1 was found to be the most highly up-regulated transcriptional repressor (about sixfold) in RCC10 VHL-defective cells compared with cells expressing VHL (Supplemental Table S1 ). To determine whether SNAIL1 knockdown could rescue the TJ assembly in RCC10 VHL-defective cells, we used siRNA to silence SNAIL1. Treatment resulted in ϳ80% knockdown of SNAIL1, and Western blotting analysis showed increased expression of the TJ proteins occludin and claudin 1, compared with a control siRNA (Figure 7) . Improved assembly of ZO-1, occludin and claudin 1 was also observed ( Figure  7 ). These results indicate that E-box transcriptional repressors, such as SNAIL1, are likely to mediate, at least in part, the TJ assembly defect observed in RCC10 VHL-defective cells.
Sodium Butyrate Improves Epithelial Characteristics in VHL-defective RCC4 and RCC10 Cells
Recent reports have shown that inhibition of histone deacetylases (HDACs) can decrease HIF protein levels and transactivation in VHL-defective cell lines and in VHL competent cells exposed to hypoxia. Therefore we hypothesized that sodium butyrate, a short-chain fatty acid that inhibits HDACs and that is in clinical use (Bi and Jiang, 2006; Bilton et al., 2006; Minucci and Pelicci, 2006) , might increase expression of cell junction molecules and promote epitheliallike differentiation in VHL-defective CCRCC cells. Indeed treatment of VHL-defective RCC10 and RCC4 cells significantly restored epithelial-like cell shape and resulted in increased labeling for ZO-1, occludin, and claudin 1 at intercellular junctions (Figure 8, A and B) . In parallel, Western blotting showed down-regulation of HIF-1␣ protein levels (HIF-2␣ levels were much less affected) and of the target gene GLUT1 (Figure 8, A and B) , with concomitant increased expression of E-cadherin, occludin, and claudin 1. Therefore sodium butyrate markedly improves epithelial differentiation and increases expression of cell-cell adhesion molecules in VHL-negative CCRCC cells, while decreasing HIF-1␣ protein levels.
DISCUSSION
In this study we have investigated whether the expression of transmembrane TJ constituents is affected by VHL loss-offunction, the role of HIF activation, and whether loss of the AJ protein E-cadherin is the driving force behind a comprehensive EMT.
As expected, we confirmed that TJ assembly is disrupted in VHL-defective CCRCC cells in vitro. Importantly, we show that TJ disruption is coincident with HIF activation in the earliest detectable premalignant lesions in the kidneys of patients with VHL disease. This implies that VHL is necessary for maintenance of normal TJs in human renal epithelium and raises the possibility that TJ disruption could contribute to evolution from normal epithelium to tumor. This is plausible because TJ disruption may facilitate tubular disintegration, enhancing migration, and increasing proliferation. (Mullin, 2004; Matter and Balda, 2007) . Furthermore, there is evidence of down-regulation of occludin in malignant transformation in other settings (Wang et al., 2005 (Wang et al., , 2007 Osanai et al., 2006) .
The role of VHL in TJ maintenance reinforces that VHL loss-of-function leads to a dedifferentiated phenotype in renal tubular cells. This may provide insight into the paradox that although VHL is a gatekeeper tumor suppressor on genetic grounds (Kaelin, 2002) , VHL status seems to have little effect on proliferation of renal epithelium (Mandriota et al., 2002) . One attractive hypothesis is that aspects of dedifferentiation allow renal epithelial cells to become tolerant to subsequent genetic events, which would otherwise result in apoptosis.
Previously it was been suggested that the down-regulation of E-cadherin is sufficient to produce a comprehensive EMT in VHL-defective cells (Krishnamachary et al., 2006; Russell and Ohh, 2007) . We tested this directly by reexpressing E-cadherin in VHL-defective cells, although it localized to cell-cell contacts it did not rescue TJ formation, nor did it restore an epithelial-like cell shape. Furthermore we also silenced E-cadherin expression in RCC10 cells and observed no effect on TJ assembly (Figure 3) . Taken together this implies that disruption of TJs is not dependent on E-cadherin down-regulation in these cells and is consistent with other reports showing that AJ assembly in some other settings is not a prerequisite for TJ formation (Potempa and Ridley, 1998; Chen et al., 2000; Theard et al., 2007) . Notably we found that VHL status had a marked effect on expression of occludin and claudin 1, which involved up-regulation at the mRNA level. Occludin and claudin 1 reexpression were able to significantly rescue ZO-1 organization. This is consistent with the mechanism of TJ disruption involving down-regulation of these key TJ components and provides further evidence that TJ effects are not mediated via effects on E-cadherin expression and the AJ. Interestingly, in our studies claudin 1 reexpression had a more substantial effect than occludin reexpression, which is consistent with a more severe phenotype in claudin-1 than occludin knockout mice (Saitou et al., 2000; Furuse et al., 2002) .
Mechanistically we show that HIF activation is necessary and sufficient for loss of TJs in RCC10 cells. In RCC4 cells expression of type IIC mutants restored epithelial cell shape and TJ assembly, suggesting the involvement of HIF. However siRNA for HIF components in RCC4 cells did not show effective rescue of TJ components (data not shown), which may indicate the need for a more absolute and/or prolonged knockdown than was achieved in our experiments. Support for the latter comes from a study showing that infection of VHL-defective RCC4 cells with retroviruses encoding either a dominant negative version of HIF-1␣ or shRNA for HIF-1␣ increases transepithelial resistance, indicating improved TJ integrity (Krishnamachary et al., 2006) . There is also previous evidence that VHL can exert a HIF independent role in TJ maintenance from studies of 786-O cells (Calzada et al., 2006) . Taken together, it is likely that both HIF-dependent and -independent mechanisms contribute to TJ disruption in VHL-defective CCRCC cell lines.
Understanding further how VHL loss-of-function acts through HIF-dependent and -independent mechanisms to alter epithelial-cell differentiation in general, and formation of intercellular junctions in particular, may provide potential routes to interfere with CCRCC tumorigenesis. We and others have shown that the mRNA for a series of transcriptional repressors including SNAIL1, ZEB2, and E47, are up-regulated in VHL-defective CCRCC cell lines (Esteban et al., 2006b; Krishnamachary et al., 2006; Evans et al., 2007; Ikenouchi et al., 2003; Ohkubo and Ozawa, 2004; MartinezEstrada et al., 2006) . Using chromatin immunoprecipitation (ChIP), two recent reports show that HIF can bind to the promoter region of Twist in FaDu (human hypopharyngeal carcinoma) and H1299 (lung cancer) cells (Yang et al., 2008) and to the SNAIL1 promoter in hypoxic SKOV3 (ovarian cancer) cells, although the latter appears to be dependent on Notch activation (Sahlgren et al., 2008) . Taken together with our report, these studies suggest that HIF is likely to upregulate different transcriptional repressors in a number of cell models. Previous studies have suggested that E-box repressors play a role in suppression of E-cadherin in RCC cells. Our data indicates that up-regulation of SNAIL1 may also contribute to the disruption of TJ assembly in RCC10 VHL-defective cells (Figure 7) . However, the relationship between HIF, the transcriptional repressors and EMT is likely to be quite complex, with the possibility that different repressors and combinations of repressors can synergize to effect an EMT in a tissue and cell type-specific manner.
Nevertheless, the identification of HIF as being capable of TJ disruption implies that hypoxia could disturb TJ function in epithelia. One system in which TJs have a crucial function and have been studied extensively is the cerebral circulation, where they form seals between adjacent capillary endothelial cells and are crucial for the integrity of the blood brain barrier (Wolburg and Lippoldt, 2002) . Intriguingly, hypoxia has been associated with changes in both paracellular permeability and localization of TJ proteins in cerebral microvessel endothelial cells (Mark and Davis, 2002) , and it will be interesting to determine if these changes are mediated by HIF activation, which could lead to unwanted effects in the clinical development of HIF activators.
There is considerable interest in decreasing HIF activation in cancer. Recent studies have established that HDAC inhibitors decrease HIF activation in tumor cell lines (Kim et al., 2001 (Kim et al., , 2007 Fath et al., 2006; Kong et al., 2006; Qian et al., 2006) , although the mechanism(s) by which HDAC modulate HIF activity remains controversial (Bilton et al., 2006) . Our experiments demonstrate that sodium butyrate, an HDAC inhibitor in clinical use (Davie, 2003) , improves epithelial-like cell shape and TJ assembly in VHL-defective RCC4 and RCC10 cells and increases expression of E-cadherin, occludin, and claudin 1. The interplay between HIF-1␣ and HIF-2␣ in CCRCC tumorigenesis, and their respective target selectivity, is complex and incompletely understood. The majority of HIF target genes are regulated by both isoforms. A subset of HIF target genes has emerged, however, which show preferential regulation by a particular isoform, though this regulation may be dependent on additional factors, including the cell type (Raval et al., 2005) . The rather selective inhibitory effect of sodium butyrate on HIF-1␣ protein levels compared with HIF-2␣ is interesting and supports our siRNA experiments indicating that HIF-1␣ is more important than HIF-2␣ in mediating EMT in VHLdefective CCRCC cells. A caveat to this interpretation is that HIF-2␣ transactivation may be suppressed by sodium butyrate despite a preserved level of protein ; consistent with this, GLUT1, which is known to be activated by HIF-2 but not HIF-1 in RCC4 cells (Raval et al., 2005) , was potently down-regulated in our experiments. In addition, although we used sodium butyrate primarily to suppress HIF, it is also possible that the effect of sodium butyrate is not solely mediated via repression of HIF. For example HDAC modulate the function of other transcription factors including the repressor SNAIL1 (Peinado et al., 2004) , and HDAC inhibitors have been shown to prevent TGF-␤-mediated EMT in renal tubular cells in vitro (Yoshikawa et al., 2007) .
In summary, VHL inactivation in the kidney epithelium triggers a down-regulation of cell-cell adhesion molecules involved in both AJs and TJs, which results in a dismantling of intercellular junctions and EMT. Further understanding as to how VHL loss-of-function achieves this, and the role of HIF, will be important in understanding the role of VHL in normal renal epithelium. In this regard, we and others have shown that mRNA for a series of transcriptional repressors including SNAIL1, ZEB2, E47, and Twist, are up-regulated via HIF in VHL-defective cells (Esteban et al., 2006b; Krishnamachary et al., 2006; Evans et al., 2007) . It is likely that the mechanism linking VHL to different aspects of EMT involves complex interplay between HIF-dependent and -independent recruitment of overlapping combinations of these repressors. From a therapeutic perspective it is attractive that inhibiting HDACs may offer a route to comprehensive reversal of the EMT.
